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Abstract 
Bi-layer graphene (BLG) can be a cheaper and more stable alternative to graphene in several 
applications. With its mechanical strength being almost equivalent to graphene, BLG also brings 
advanced electronic and optical properties to the table. Furthermore, entrapment of water in 
graphene-based nano-channels and devices has been a recent point of interest for several 
applications ranging from energy to bio-physics. Therefore, it is crucial to study the over-all 
mechanical strength of such structures in order to prevent system failures in future applications. In 
the present work, Molecular Dynamics simulations have been used to study crack propagation in 
BLG with different orientations between the layers. There is a major thrust in analyzing how the 
angular orientation between the layers affect the horizontal and vertical crack propagation in 
individual layers of graphene. The study has been extended to BLG with confined water in 
interfaces. Over-all strength of graphene sheets when in contact with water content has been 
determined, and prominent regional conditions for crack initiation are pointed out. It was seen that 
in the presence of water content, graphene deviated from its characteristic brittle failure and 
exhibited the ductile fracture mechanism. Origin of cracks in graphenes was located at the region 
where the density of water dropped near the graphene surface, suggesting that the presence of 
hydroxyl groups decelerate the crack formation and propagation in straining graphenes. 
 
 
  
1. INTRODUCTION 
Promising mechanical stability of two- dimensional materials and their allotropes have caused a 
stir in industries that have resulted in their widespread applications ranging from bioelectric 
sensing devices, organic light-emitting diodes, photovoltaic cells, energy storage devices, 
composite material to name a few [1-3]. Pioneer of 2D materials, Graphene is a honeycomb lattice 
of sp2 hybridized carbon atoms. Having been discovered in 2004 [4], it has come a long way in 
terms of its industrial applications, paramount credit for which goes to its mechanical stability. 
Nevertheless, there have been many questions regarding the stability of a free-standing single atom 
thick graphene[5]. Due to this, multilayer forms of graphene such as graphite, multilayered 
graphene (MLG), and bi-layer graphene (BLG) are more popular in actual applications. While 
graphite is an ordered three-dimensional lattice of graphene, MLG and BLG are analogues to 2D 
graphene having less than 10 layers in MLG and 2 layers in BLG. Experimentally, these multilayer 
forms are cheaper to synthesize and maintain [6-8]. Additionally, it is seen that the properties of 
graphene do not vary greatly from MLG and BLG[8]. Thus, MLG and BLG have been used as 
alternatives to graphene in multiple applications. Such as in the case of graphene-based 
nanocomposite materials, BLG is the material generally used[9, 10]. Experiments have shown that 
the majority of nanocomposite where graphene has been used as reinforcement to enhance its 
mechanical or electrical properties has been, in fact, BLG rather than single layer graphene[9, 11]. 
 Bi-layer graphene is relatively less studied than single layer graphene. But it has the 
potential to become an alternative to graphene in several applications, such as replacement to 
silicon in semiconductors [12]. These graphene-based semiconductors can be smaller than silicon 
semiconductor. Lin at al[13] have reported that a transistor made from single layer graphene faces 
interface problems while bi-layer stacking can reduce the problem. BLG also has vast prospective 
applications due to its electronic properties and can be used for switching functions in nonelectrical 
devices [14]. It was brought to light that it has negligible electronic noise due to its unique band 
structure which allows screening of potential fluctuations by impurities [13]. BLG also exhibits 
unusual optical properties. Huang et al.[15] studied spectroscopic features of single layer and bi-
layer graphene. It was observed that the inter-Landau-level absorption spectrum in BLG was 
higher than that of graphene. This was found to be the result of a new type of quantum hall effect 
which is also responsible for higher conductivity in BLG as reported by Novoselov et al.[16]. 
  
Inversion symmetry in BLG can be modified by applying strain in order to modify its band gaps 
further widening the prospects of BLG[17]. It is to be noted that most of the mentioned properties 
of BLG are studied with respect to AB stacked BLG which is its most common and stable form. 
Jiao et al.[18] studied the mechanical properties of the differently stacked BLG. The Young’s 
modulus for AA stacked BLG in zig-zag and armchair direction were reported to be 797.2 GPa 
and 727.4 GPa respectively, while for AB stacked (Bernal) BLG, it was 646.7 GPa and 603.5 GPa, 
respectively. Sometimes, two layers in BLG orient themselves at different stacking angles, 
commonly called stacking defects [19]. Recent studies have shown that turbostratic BLG with 
different crystallographic angles exhibit unique electronic and optical properties.[20, 21] These 
reports draw out the potential of BLG in going beyond graphene in terms of its applications.  
Though BLG with different stacking angles and their varied electronic - optic properties 
have been the concept of many studies, the influence of their orientations on structural - mechanical 
integrity of BLG has not been emphasized enough. The effect of these twist-defects can go beyond 
and impact the structural integrity of BLG entirely. Alden et al. in 2013 brought to light that such 
turbostratic orientation can lead to spontaneous symmetry breaking in BLG, leading to the 
formation of multiple stacking domains (grains) with different stacking orientations[22]. Another 
report experimentally characterizes these multiple stacking domains and grain boundaries , 
providing deep insight into their elaborated Moire patterns due to independent stretching and shear 
[23]. In terms of mechanical stability, other profound defects present in graphene and BLG have 
been extensively studied such as Stone Wales defect, divacancy defects, etc. [24-26], whereas   
failure mechanism of individual graphene in BLG in presence of another layer remains less 
explored. It is understood that under strain, crack propagation is hugely dependent upon 
interference of friction [27], a phenomenon that is very prominent in BLG. A sliding crack surface 
can act as shielding mechanism and either ‘open’ the crack further or ‘close’ the crack growth 
propagating in mode III [28]. Although, generally, such a phenomenon leads to a decrease in crack 
propagation rate with the length of crack, its results may vary from material to material. Very 
limited reports exist where the prominence of this phenomenon have been emphasized in 2D 
materials[27]. With the growing prominence of turbostratic oriented BLG in applications ranging 
from optics to energy, it becomes crucial to know the basic effect of orientations on the coherence 
of crack propagation. There have been attempts to trace stress-strain plots of common forms of 
stacked BLG, AA and AB stacked[18]. A study by Muniz et al.[29] have highlighted the atomic 
  
stress distribution in Moire patterns in oriented BLGs under tensile strain. The major focus of their 
study is the prominence of fracture initiation at grain boundaries of functionalized BLG. However, 
in our knowledge, there have been no reports emphasizing coherent crack propagation in 
differently oriented BLG.  
Another common shortcoming in graphene-based structures is the entrapment of water 
within layers. Water often gets trapped in the midst of the graphene layers/ graphite either 
accidentally during synthesis in a humid environment or is intentionally arranged there for varied 
applications in the field of biophysics, nano-fluidics, energy storage, environmental and so on [30-
33]. While Graphene-water interaction has been a great point of interest for over a decade, 
dynamics of water inside layers of graphene and over-all impact of the structure on the mechanical 
strength of the latter have been missing in the literature. Graphene has been called out for its dual-
surface behavior with regards to water hydrophobicity and hydrophilicity[34-39]. Though 
inherently hydrophobic, it also adsorbs water molecules on its surface [37]. There are some studies 
emphasizing the dynamics of water in a graphene channel and carbon nanotubes[31, 40]. One 
common and interesting feature of water is its phase transformation to solid forming rhombic 
ordered ice when compressed in graphene layers[41-45]. In this regard, Abbaspour et al. recently 
explored crystalline water structures when confined in different 2D materials by means of 
molecular dynamics [42]. Another report discusses the structural dependence of compressed 
solidified water on the initial water content in confinement [43]. The same study highlights that in 
addition to the water content and slit width of the confinement, the lattice of ice is also dependent 
upon the stacking form of BLG. The density of amorphous AB stacking ice was found to be higher 
[43]. This draws out the enormous role of stacking in dynamics of confined water in BLG. 
Turbostratic orientations in BLG not only affect their electronic and optic properties but also has 
an impact on mechanical stability and its interaction with confined water. In this study, differently 
stacked bi-layer forms of graphene (0-60°)  have been subjected to uniaxial tensile strain to analyze 
the effect of stacking on the coherence of fracture propagation in bi-layers by means of Molecular 
Dynamics (MD). The difference in the edges of both the layers and the consequent change in 
stress-strain plots have also been emphasized. Most importantly, the dual effect of confined water 
content and stacking on ultimate stress has been detailed. These results are supported by additional 
observatory data regarding the capillary motion and density of water in the interface of BLG. The 
  
question of the surface characteristic of graphene when in strain has also been addressed. Our study 
reveals the stability and higher mechanical strength of BLG with confined water for upcoming 
applications such as in the field of energy storage where water confinement is considered a 
promising way to enhance interlayer distance for faster ion diffusion. The presence of water causes 
a deviation of BLG from brittle to a ductile-brittle material.  
2. METHODOLOGY 
2.1 Molecular Structures 
Molecular structures for the present study can be categorized into three model sets based on the 
simulations: (i) Single Layer Graphene (Gr), (ii) Oriented Bi-layer Graphene (BLG) and (iii) 
Water confined Bi-layer Graphene. Model (i) Single Layer Graphene (Gr) was taken to analyze 
the fracture behavior of the pristine structure. A periodic Gr with dimensions 110 X 110Å was 
taken and tensile loading was applied along the armchair edge. In order to map the crack 
propagation in Gr (360 Å X 360Å), a slit of length l (4 < l < 10 Å) was created in the middle of 
the Gr sheet in the armchair direction similar to previous report by Datta et al.[46]. Slit length and 
Gr size were chosen so as to avoid the effects of the finiteness as described in previous reports[46] 
and load was applied along zigzag edge. The second group of simulations was done on model set 
(ii) Oriented Bi-layer Graphene (BLG). The top layer of BLG was oriented at different angles 
(BLG@0-60°) where 0° and 60° are also popularly known as AA and AB stacked BLG, 
respectively.   Similar to model (i), all BLGs were taken of 110 X 110Å dimensions and interlayer 
space was taken to be 3.4Å. It can be seen in fig. 1, with orientation of top layer, the edge structure 
of the top layer along the straining edge also varies. For AA and AB stacked BLG, top edge is 
armchair, while for BLG@30°  top edge changes to be zigzag. The top layer of BLG@45° has an 
irregular edge. Furthermore, the thrust of the present study is in strength and dynamics of water 
confined BLG for which model set (iii) Water confined BLG was simulated. Model set (iii) is 
divided into four types (Type a-d) based on water content as detailed in Table 1. Due to water in 
between the graphenes, distance between two sheets which is also referred to as slit width (h) 
varied from 4.5 - 12 Å. Periodic boundary conditions were maintained in all the models. 
  
 
Figure 1 Edge variations in top of BLG from bottom layer when oriented at different angles where 
0° is also AA stacking and 60° AB stacking. 
 
Figure 2 Water confined Bi-layer graphene structures with varying water content and slit width 
(Type a-d). 
Table 1 Slit distances and number of water molecules in Type a-d BLG. 
Type Slit width (Ȧ) No. of Water molecule 
(a) 4.5 320 
(b) 7.0044 960 
(c) 9.5044 2160 
(d) 12.044 2940 
 
2.2 Molecular Dynamics Simulations 
  
All the molecular dynamics (MD) simulations were performed using Large-scale 
Atomic/Molecular Massively Parallel Simulator (LAMMPS) software [47]. In order to model 
carbon-carbon interactions, Adaptive Intermolecular Reactive Bond Order (AIREBO) 
potential[48] was used as it has been previously established that the results regarding graphene 
fracture using this potential were closer to experimental observations [49]. The interaction cut-off 
parameter was taken to be 1.92Å. TIP4P/2005 water model was used for the simulation of water 
molecules [50]. We have considered Lenard- Jones potential (L-J) to model interaction between 
graphene and water with sigma and epsilon values determined from Lorentz-Berthelot combing 
rules [51]. Globally accepted potential energy cutoff and dielectric constants for carbon, hydrogen, 
and oxygen have been taken up from previous works [43]. Systems were minimized using 
conjugate gradient (cg) method in LAMMPS prior to MD run. The timestep for model (i) and (ii)  
MD simulations was 1fs  while for  model (iii) much lower timestep of 0.0002 fs was preferred. 
The micro-canonical ensemble (NVE) was used along with Berendsen thermostat to maintain the 
temperature at room temperature. Simulations were run for 10ns for BLG and up to 50ns for water 
confined BLG systems.  
Tensile loading was applied to Gr and BLGs in x-direction (along the armchair edge of bottom 
layer) at a fixed strain rate of 0.001. The simulation was continued until complete failure was 
achieved at room temperature under NPT ensemble. Stress on the graphene sheet was calculated 
by averaging the stress on all the carbon atoms over the graphene sheet. Stress on individual carbon 
atoms was calculated by Virial theorem[52] : 											𝜎𝑖𝑗% = '( )'*𝑚%𝑣-%𝑣.% + ∑ 𝛾.𝑓-34',6 7                                    (1) 
where i,j denote indices in Cartesian system; a,b are atomic indices; 𝒎𝜶 and 𝒗𝜶 denote mass and 
velocity of the atom a; g is the distance between atoms a and b; f is the force applied by atom  a 
on b and 𝛀 is the volume of an atom a. Consideration of thickness for stress calculation was 
contingent upon the systems. For Gr, it was considered 3.4Å while for BLG, the value was 6.8Å 
taking into account the optimized interlayer distance between two sheets of graphene in BLG is 
3.4Å. For water confined BLG, thickness of the entire system was considered (h+ 3.4). However, 
since h varied throughout the simulation, stress values were highly inconsistent. Therefore, 
  
studying the stress in individual layer was preferred for water-Gr system. Stress-strain curves were 
plotted as done in the previous study by Pei et al.[53] 
In order to compute Stress Intensity factor (SIF or K) of the systems, the uniaxial strain was 
applied to Gr with a slit and BLG having a similar slit in the top layer until they underwent 
complete fracture. The following equation was used to determine SIF 
𝐾= = 	𝜎6√𝜋𝑙 (2) 
Where KI is mode I stress intensity factor, σn is stress value at the time of first bond breaking and 
l is the crack length as discussed in section 2.1.   
For studying the motion and distribution of water molecules in BLG, their density within slit width 
(h) along with variations in the center of masses (COM) were calculated in LAMMPS using inbuild 
commands. The density of water molecules was mapped throughout the relaxation and straining 
of systems as the function of height. The simulation box was divided into bins, each having a z-
height of 2 Å. The density calculation of water molecules in an individual bin was carried out with 
respect to the bin volume. The densities of water molecules in these bins were dumped after a fixed 
interval of time during MD run. 
3. RESULTS AND DISCUSSION 
3.1 Coherent crack propagation in bi-layer graphene 
BLG with different orientations not only has numerous electronic and optical applications, 
it is also considered a reliable replacement to single layer graphene in the majority of technologies, 
as discussed in previous sections. Moreover, there are several reports of existence of 
turbostratically different grains in a single BLG system[22]. As a result, it becomes crucial to gain 
a deep fundamental insight into the coherence of crack propagation behavior in such materials in 
order to prevent mechanical failures in related applications. There has always been a long-standing 
question about the effect of one 2D material layer on the process of crack initiation and propagation 
in another layer when stacked together. Herein, BLG with AA stacking, AB stacking are discussed 
along with their respective turbostratic orientated( 30° and 45°) forms where edges of the system 
are non-uniform (see section 2.1 methodology). There have been some previous attempts to model 
  
mechanical strength of AA and AB stacked BLG [18, 29, 54]. However, the ultimate stress 
obtained for single layer graphene in these results was too high (~176 GPa) and far from 
experimental observations [55]. As a result, the very high stress values for BLG also needed to be 
validated.  Further, none of these studies discuss the coherence of crack propagation in both the 
layers as uniaxial strain is applied along the similar or dissimilar edges. Initially, single layer 
graphene(Gr), as well as AA-stacked BLG was subjected to uniaxial strain along the armchair 
edge in order to compare the performance of BLG with Gr. Stress calculations of the systems while 
it was being strained uniaxially in MD were done via virial stresses (eq. 1). It can be seen in fig. 
3(a)  that ultimate stress of Gr is ~ 104 GPa and strain is 0.17. This confirmed the accuracy of 
AIREBO potential in modeling the mechanical properties of graphene-based materials. Some 
previous MD based studies employed AIREBO potential [49] to show the same values as 
theoretical results based on Griffith’s criterion [56]. The ultimate stress for AA-BLG was found to 
be almost equivalent to that of Gr. The ultimate strain was slightly short ~0.158. These values 
being close to that of Gr indicate the promising aspect of BLG in replacing graphene in 
applications requiring mechanical strength as BLG can be much cheaper to synthesize and 
maintain. In order to investigate the crack propagation phenomena in both the systems and uncover 
the effect of a substrate lattice on the crack propagation in the top graphene layer, Gr, and BLG 
sheets were strained as discussed in section 2.2. A crack of ~10 Å at the center in an armchair 
direction was present in the top layer of BLG and the strain was applied in a zig-zag direction (see 
section 2.2). The results were recorded over every 0.1 ps to analyze the crack propagation with 
time. Fig. 3(b) shows the initialization of crack propagation in single and bi-layer graphene. The 
time step at which the crack initialize in both the case is different. In case of BLG, the crack 
initiation starts at 220.4 ns while in the case of Gr, it starts at 221.8ns which is comparable to the 
previous reports for graphene [18]. Fig. 3(c) shows the rate of crack propagation with time after 
initialization. It can be seen that although the crack propagation started early in BLG, after the 
initiation of crack propagation, the rate at which the crack propagates is not affected by the 
presence of substrate lattice and is similar to that of graphene in these systems. The vertical 
propagation of stress from top to bottom layer was also seen in the bi-layer form. The stress 
intensity factor (SIF) for these morphologies was calculated using eq. 2. SIF is used in fracture 
mechanics to predict the stress state ("stress intensity") near the tip of a crack or notch caused by 
a remote load or residual stresses. For pristine graphene, SIF was calculated to be 3.811 MPaÖm. 
  
While BLGs exhibit only slightly lower SIF  (AA-BLG SIF ~3.129 MPaÖm and AB-BLG SIF 
~3.140 MPaÖm) values indicating the structure itself is marginally weaker than single pristine 
graphene. 
 
Figure 3 (a) Stress strain plot of single layer and bi-layer graphene (AA stacked). (b) Initialization 
of crack propagation with timestep in single and bi-layer graphene. (c) Propagation of crack with 
time in both graphenes. 
 
Once the comparison between a single layer and BLG was established, we moved onto 
investigating the strength of different forms of BLG (model (ii)) as described in section 2.1. Two 
primary forms AA and AB were considered where edges of both top and bottom layers were 
similarly aligned. In contrast, structures with top layer rotated at specific angles (30° and 45°) were 
also considered. Due to angular rotation of top layer, edges of top and bottom layer in latter cases 
were differently aligned. All the systems were strained along the armchair edge of the bottom layer 
to keep the uniformity. It is to be noted that during minimization of the structures, BLG@45° was 
found to be least stable while AB-BLG was most stable with lowest energy. Fig. 4 plots the stress-
strain curve for all the four BLGs. While AA and AB BLG with both layers having identical edge 
structure exhibited curve similar to that of pristine graphene. Ultimate stresses were ~105-109 
GPa. AB-BLG had slightly better performance than AA-BLG in terms of ultimate stress and strain 
values (as shown in fig.4). Fig. 5(a) and (d) details the stress-strain curves separately for the top 
and bottom layers. For plotting stress-strain of individual layer, thickness was taken to be 3.4Å. 
Both the layers of BLG in AA and AB stacking demonstrated similar plots. Ultimate stress and 
strain values for individual top and bottom layers were same as that of entire BLG. Additionally, 
no distinction was seen in case of failure mechanism. The crack initiated in either of the layers 
(top or bottom), quickly followed by bond breaking in second layer in close proximity of the first 
  
crack. In fig.6, top layer carbon atoms are denoted by blue color and lower layer of carbon atoms 
is denoted by red color. Both AA and AB BLG have their blue and red colored layers arranged 
with similar edges. The strain was applied across the armchair edge of bottom layer. Crack was 
seen to have initiated in the top layer first. Soon after, entire BLG undergoes a graphene-like brittle 
failure. However, it was seen that cracks in second layer originated in the proximity of crack in 
the first layer. Therefore, the only distinction in mechanical property of AA and AB stacked BLG 
is the maximum strain each can endure which does not differ by a significant amount. 
 
Figure 4  Stress strain plots of differently oriented BLGs with angles. 
 
In contrast to the familiar results of BLG with alike edges, oriented BLG exhibited interestingly 
contrast results. The value of ultimate stresses dropped significantly to ~85-90 GPa for BLG@30° 
and ~46 GPa for BLG@45° (see fig.4). It is to be noted that BLG@60° is the same as AB-BLG. 
The significance of edge along which the strain is applied in graphene is evident from the fact that 
ultimate tensile stress along the armchair and zigzag edge vary by the magnitude of ~20-23 GPa 
in pristine graphene [49]. As a result, we see significant drop in ultimate stress and strain for 
oriented structures.  
  
 
 
 
Figure 5 Stress strain plot of individual BLG layers oriented at different angles. Green represents 
plot of the top layer while pink represents plot of the bottom layer. (a) Stress strain of top and 
bottom layers of 0° oriented BLG. (b) Stress strain of top and bottom layers of 30° oriented BLG. 
(c) Stress strain of top and bottom layers of 45° oriented BLG. (d) Stress strain of top and bottom 
layers of AB stacked or 60° BLG. 
 
BLG@45° was the least stable form and showed inconsistent results. The major reason for this 
can be attributed to again the fact that due to orientation, the top layer was arranged such that its 
edges were highly irregular (as can be seen in fig. 7(b)). Even though the bottom layer was oriented 
uniformly and strained along the armchair edge, the ultimate stress values for the bottom layer 
were ~80-85 GPa which are lower than the values noted for AA and AB stacking. It was also seen 
  
that first crack in these structures always initiated in the lower layer. It is therefore deciphered that 
the presence of interface with the offset top layer affected the over-all mechanical strength of the 
bottom graphene. The fracture process in the top layer was different for BLG@30° and 45°. As 
seen in fig. 7(a), rotation by 30° brought zig-zag edge along the straining side of the BLG. Zigzag 
edges of graphene are known to endure higher ultimate strain [49], and therefore, top layer in this 
structure almost always stood the strain at which bottom layer fractured. However, interesting 
feature noted was that cracks in top layer always initiated near the propagating crack in the bottom 
layer. This observation was comparable to failure mechanism in  AA and AB stacked structures. 
Once crack initiated in the top layer, the structure underwent brittle failure.  
 
Figure 6 Snapshots of simulations of tensile loading of BLG when crack nucleates in both the 
layers. (a) Crack initiation in AA stacked BLG around 0.157 strain leading to fracture soon after. 
(b) Crack initiation in an AB stacked BLG around 0.16 strain. It is seen that crack nucleates in the 
second layer in proximity of cracks in the first layer. 
 
In contrast, BLG@45° exhibited very different fracture patterns. Due to orientation at 45°, the 
edge of the top layer that came along the straining direction was highly irregular. It was neither 
  
armchair nor zigzag. This made top layer highly unstable and prone to sudden failure. While 
bottom layer of BLG@45° strained up until ultimate strain ~0.138, top layer shattered way before 
at ~0.07 strain. Interestingly, such dissimilar characteristics when put together, lead to slight 
deviation of BLG@45° from brittle failure. As the first crack initiated in the bottom layer (at ~ 
0.06 strain), it continued to strain further, and crack propagated rather slowly until the strain was 
~0.138. Soon after the initiation of the crack in the bottom layer, bonds broke in the top layer in 
close locality. This led to the sudden shattering of the top layer almost instantly. This divergence 
of BLG@45° from brittle failure and the cause of it still needs further investigation. Because 
mechanical stability of BLG@45° has not been previously explored as it is least favorable form of 
BLG, the significance of interface in reducing the speed of crack propagation in bottom layer 
graphene needs further insight. The analysis of BLG@45° was not extended further due to highly 
inconsistent fracture patterns in our simulations. In general, these analyses strongly imply the 
coherence of crack initiation in the bi-layer structures of graphene and edges or grain boundaries 
have a strong role in determining the strength of over-all structure.  
 
  
Figure 7 Snapshots of crack nucleation in the top layer in the close proximity of cracks in the 
bottom layer. The edges of both layers were differently oriented. (a) Crack initiation in the top 
layer in a 30° oriented BLG. (b) Crack initiation in the top layer in a 60° oriented BLG. 
 
3.2 Capillary motion of water in nano-confinement 
In the previous section, we observed strong coherence between layers during fracture. It becomes 
crucial to know the extent of coherence if the interlayer spacing is increased or fluid is confined in 
the interlayer space. Nano-confinement of water within 2D materials has recently surfaced as a 
tool to alter interface attributed to several applications [30-33]. Incorporation of fluids in these 
interlayer spaces alters the properties for better or worse depending upon the materials and the 
fluid type. The importance of the study of water confinement in graphene layers is heightened 
further due to ever going debate about hydrophobic as well as hydrophilic characteristics of 
graphene. Before proceeding to discuss stresses in the materials involved, water motion in between 
the layers was mapped during simulations. Stable slit width h (interlayer distance) was determined 
with varying water content. Four starting structures with varying water content (Type a-d in fig. 
8) were simulated and upon reaching energy minima, the most stable slit width was determined 
for each structure. It was observed that by altering the slit width, stability of water confined 
graphene can be optimized according to its application. The energy of the structures reduced from 
Type a to Type d as slit width increased, indicating greater interlayer space available to confined 
water allowed minimum contact with the hydrophobic graphene surface and a subsequent drop in 
density near the Gr surface. As a result, water density is also the function of slit width. In fig. 8, 
snapshots of simulation at various timesteps have been presented for an example of Type c 
structure with initial slit width 9.5044Å. Water, which was initially evenly distributed, now 
exhibited a capillary-like motion driven by adhesion forces and weak hydrogen bonding. At about 
45ns, the water had clustered to have minimum surface contact with graphene. Graphenes tend to 
slightly wrap around these water molecules to form wrinkle-like morphology. To trace motion of 
water in the stable configurations of Type c (h = 9.5044Å) and Type d (h = 12.044Å), center of 
mass(COM) of water was mapped in xz plane during MD run as discussed in the methodology 
section 2.2. Fig. 8 also shows the COM charted in xz plane for Type c-d structures for 50ns. Point 
1 is the start point of the curve and point 2 is the endpoint. For Type c, the COM of water molecule 
moves upwards in the z-direction and when the slit width is at its maximum, it starts to descend. 
  
A similar water movement can also be seen in the simulation screenshots. As for Type (d) structure, 
unlike the curve in the previous case, the COM did not move upward but rather it descends first 
and then eventually moves back to where it started. One common observation in both the plots 
was that while COM of water spanned across x dimension greatly, COM for starting and final 
structure did not differ much in z dimension. 
 
Figure 8 (a to d) Different BLG forms with varying slit width and water content. Flow of water 
confined in bi-layer graphene with initial slit width 9.5044Å (Type c) at different time step during 
relaxation is shown underneath. (Below) Center of mass (COM) of water molecules of graphene 
with slit distance 9.5044 Ȧ and 12.044 Å moving in XZ plane during MD run. 
  
 
To further the investigation on motion of water in BLG, the density fluctuation between the two 
graphene sheets was investigated for Type c-d. In order to get a clear picture of how water is 
distributed between two layers of BLG, density was measured bin wise where each bin’s height 
was taken to be of 2Å. Fig. 9 depicts the change in density of water across the slit width of BLG. 
The 0 on the x-axis is the center between two graphene sheets i.e the vertical distance (Å) in BLG 
and y-axis is the density of water molecule(g/cm3). During the MD simulation (50 ns), slit width 
changed with time resulting in the continuous change in the density distribution. From 10ns 
onwards, the water seems to have accumulated closer to the top layer. Later during the run, water 
stabilized near the center of both the layers. A similar pattern is seen in the density plot of Type d 
structure where initially water has an affinity towards graphene layer, but with time, highest water 
density is seen near the center of the slit. 
Type (a-b) structures with lower water content not only had lower slit width, but also had lower 
stability in comparison to the Type(c-d) structures. In case of the small slit, the water molecules 
are very few against the size of graphene sheets, as the result, the graphene sheets try to encapsulate 
water due to dominating van der Waals interactions. However, when the slit is large with water 
molecule being relatively in big number, graphene sheets do not exhibit encapsulating tendencies. 
This is in accordance with previous studies, where it has been shown that hydrophobic/hydrophilic 
tendency of graphene might strongly depend upon the relative size of water content[39]. The 
accumulation of water in the center of slit as seen in case of large water bulk in density distribution 
supports these observations. From the presented results, it can be concluded that graphene surface 
characteristics can also be engineered by differing water content dependent slit width. 
 
  
Figure 9 (Left) Density distribution of BLG confined water in slit width 9.5044Å changing with 
time during MD run. (Right) Density distribution of BLG confined water in slit width 9.5044Å 
changing with time during MD run. 
 
3.3 Effect of confined fluids on mechanical strength  
Several reports emphasize the dynamics and properties of water in different confinement sizes [31, 
41, 42]. However, none of them discusses the reverse effect of water on the strength and properties 
of confining material such as graphene in this case. While in previous reports, water was strained 
by compression, herein graphene is strained by uniaxial tension without directly disturbing the 
water in the interlayer space. AB stacked BLG with Type d water content (most stable) post 
complete relaxation was subjected to uniaxial strain along the armchair edge by means of MD. As 
the system was strained, slight variations in h and curvature of graphene sheets were noted. 
Because the interlayer distance was high in Type d, coherence of the layers was neglected and 
only the effect of interlayer water content on the fracture of Gr was emphasized. Virial stresses in 
the individual graphene sheets (top and bottom) were calculated for the system as described in 
section 2.2. Fig. 10(a -b) plots the resultant stresses with strain in top and bottom Gr layers in water 
confined BLG, and a comparison between stress-strain curves of Gr layer in BLG with interlayer 
water content and without water content, respectively. Some major observations can be made 
regarding the failure of water confined BLG on uniaxial straining. Firstly, the ultimate strain is 
seen to have increased greatly to the value of 0.36. Both the Gr layers underwent loading in an 
alike fashion with similar ultimate stress and strain values. Secondly, stress tolerance of water 
confined BLG as a system or its individual Gr component seems to have doubled. While pristine 
Gr or BLG go through brittle failure at ~105-110 GPa stress, confinement of water in BLG doubled 
the ultimate stress for Gr layers amounting to 200GPa. Third and a major observation is 
emphasized in fig.10(c ). It is evident from the plots that water-BLG deviated from its brittle failure 
and exhibited characteristics of plasticity. Unlike Gr or BLG in the previous sections, confinement 
of water increased the toughness quotient of the structure. A most possible explanation can be that 
the presence of water molecules tends to heal the small cracks in graphene structure due to 
hydrodynamic action of fluid within the crack (fluid pressure-induced crack closure)[28]. Another 
possibility of such a result might be due to influence of weak hydrogen bonding prevalent in water 
molecules and graphene surfaces. As a result, the velocity of crack propagation decreases 
  
significantly. Expectantly, very high stress values are then required to push the structure over to 
the breaking point. The value of breaking point can go as high as 200 GPa as seen in the fig. 10(a-
c). Post breaking point stress, it underwent sudden collapse. Some previous works on graphene 
oxide (GO) have also exhibited brittle-ductile-brittle fracture phenomenon as oxygen content was 
varied [57]. This evolution has been accounted to the epoxy to ether transformation in GO during 
straining. The resulting structure was low on strength but exhibited plasticity. However, our work 
differed from the report as unlike GO, Gr in our system has not been chemically modified and no 
active bond formation with oxygen was seen during C-C bond breakage. Gr structure was as good 
as pristine and change in stress-strain characteristic plot was seen entirely due to surface interaction 
with water. In comparison to BLG, the elasticity in water confined BLG is relatively smaller while 
the yielding region is rather large. This can imply prevailing ductility in this structure. Here, strain 
hardening zone is introduced due to crack propagation and atomic re-arrangement. This linear- 
nonlinear-linear transition of curve can be accounted to presence of hydroxyl groups near the Gr 
surface [57]  Further note that, when water content was varied, feature of the curve as shown in 
fig. 10 did not alter.  Therefore, we can say that stacking orientation along with confinement of 
fluid can be used to engineer strength of materials. To the best of our knowledge, this is the first 
time such data has been presented with respect to brittle graphene and confined polar fluid like 
water.  
The ductile feature of water confined BLG is also evident in fig. 10(d-e) where we can see slow 
crack propagation as the material is strained. This is in contrast to graphene or BLG where sudden 
fracture was observed once crack initiated in the structure. It can also be seen that most cracks are 
present in the vicinity of region where the density of water drops. These cracks proliferate further 
slowly. Fig. 10(f) traces water density distribution in the slit as the structure undergoes straining. 
It was seen that while the highest density of water was near the center of the slit, the structure 
underwent strain hardening. The collapse of the structure was seen when the water density deviated 
from the center of slit towards either of the cracking layer. As the water moved away from one 
layer, it led to the sudden failure of the structure. This was better understood by determining the 
water in contact with graphene sheets as material was strained. In order to find the contact area of 
water and graphene sheets, water molecules present within 4 Å range of graphene are considered 
to be in the contact zone of graphene. Bi-layer graphene was divided into bins of x- length × 5 Å 
× 4 Å and y-length × 5 Å × 4 Å similar to previous reports[58]. The number of water molecules in 
  
the region of each bin was determined at different timestep during simulation and summed up to 
find the total number of water molecules in the contact zone. With emphasis on region above the 
originated crack, numbers of water molecules were analyzed as strain was being applied.  It was 
spotted that at the strain before system underwent brittle fracture, water content was minimum in 
this region. This information supported our observation that contact with water induces ductility 
in graphenes. In absence of it, graphene collapses in brittle fashion. Therefore, the stress-strain 
curve of BLG when water was confined within illustrates characteristics of ductile-brittle fracture. 
 
Figure 10 (a) Stress-strain curve for individual top and bottom layers of water confined BLG (Type 
d) along the armchair edge. (Pink is the curve for the top layer and black is the curve for the bottom 
layer) (b) The contrast of stress-strain curves of individual graphene of BLG with water and 
without water. (c) Break down of characteristics of resultant stress-strain curve of Graphene in 
contact with water. (d) Slant view of Type d water confined BLG as the crack propagates in the 
structure during straining. (e) Side view of Type d  water confined AA-BLG right before the crack 
initiates. (f) Density distribution of BLG confined water with straining in BLG.  
  
 
4. CONCLUSION 
In conclusion, we investigated the mechanical strength of bi-layer graphene with different 
turbostratic orientations and confined water content. By means of molecular dynamics simulations, 
we plotted the stress-strain curves of BLG oriented at different angles. These characteristic plots 
were strongly dependent upon alignment of straining edges of BLG. Moreover, there was a strong 
dependence of origin of crack in one layer of BLG in the presence of cracks in the other layer 
suggesting that interlayer dynamics plays a prominent role in furthering the crack propagation. 
Another important criterion of the study was effect of entrapped or confined water in bi-layers. 
Due to presence of water, interlayer distance increased in BLG and it was found that structures 
with higher interlayer distance (>9Å) were more stable. Distribution of water in BLG showed that 
highest density of water remained at the center of the interface in relaxed state. During straining, 
water content played important role in deviating fracture of BLG from the characteristic brittle 
failure. It is suggested that interaction between water and graphene near crack tries to heal the 
crack or reduce the process of crack propagation. Cracks are seen to originate in graphene at points 
where density of water changes and curvature is formed in the substrate sheet. As straining is 
continued, surface of graphene increases, and when density of water becomes minimum near 
proliferating fissure there is a sudden fracture. The stress-strain curve exhibited a noticeable 
yielding and strain hardening beyond elastic limit before breaking point.  
Acknowledgement  
Authors would like to acknowledge the financial support from the NJIT. We are grateful to the 
High-Performance Computing (HPC) facilities managed by Academic and Research Computing 
Systems (ARCS) in the Department of Information Services and Technology (IST) of the New 
Jersey Institute of Technology (NJIT). Some computations were performed on Kong HPC cluster, 
managed by ARCS. We acknowledge the support of the Extreme Science and Engineering 
Discovery Environment (XSEDE) for providing us their computational facilities (Start Up 
Allocation - DMR170065 & Research Allocation - DMR180013). Some calculations were 
performed in XSEDE SDSC COMET Cluster. 
 
 
  
References 
1. Raju, A.P.A., et al., Wide-Area Strain Sensors based upon Graphene-Polymer Composite Coatings 
Probed by Raman Spectroscopy. Advanced Functional Materials, 2014. 24(19): p. 2865-2874. 
2. Papageorgiou, D.G., I.A. Kinloch, and R.J. Young, Mechanical properties of graphene and 
graphene-based nanocomposites. Progress in Materials Science, 2017. 90: p. 75-127. 
3. Cao, G., Atomistic Studies of Mechanical Properties of Graphene. Polymers, 2014. 6(9): p. 2404-
2432. 
4. Novoselov, K.S., et al., Electric Field Effect in Atomically Thin Carbon Films. Science, 2004. 
306(5696): p. 666-669. 
5. Zhong, Y., Z. Zhen, and H. Zhu, Graphene: Fundamental research and potential applications. 
FlatChem, 2017. 4: p. 20-32. 
6. Hass, J., W.A. de Heer, and E.H. Conrad, The growth and morphology of epitaxial multilayer 
graphene. Journal of Physics: Condensed Matter, 2008. 20(32): p. 323202. 
7. Wang, G., et al., Highly efficient and large-scale synthesis of graphene by electrolytic exfoliation. 
Carbon, 2009. 47(14): p. 3242-3246. 
8. Hass, J., et al., Why Multilayer Graphene on $4H\mathrm{\text{\ensuremath{-
}}}\mathrm{SiC}(000\overline{1})$ Behaves Like a Single Sheet of Graphene. Physical Review 
Letters, 2008. 100(12): p. 125504. 
9. Stankovich, S., et al., Graphene-based composite materials. Nature, 2006. 442(7100): p. 282-286. 
10. Sutter, P., How silicon leaves the scene. Nature Materials, 2009. 8(3): p. 171-172. 
11. Rafiee, M.A., et al., Fracture and Fatigue in Graphene Nanocomposites. Small, 2010. 6(2): p. 179-
183. 
12. Sutter, P., How silicon leaves the scene. Nature Materials, 2009. 8: p. 171. 
13. Lin, Y.-M. and P. Avouris, Strong Suppression of Electrical Noise in Bilayer Graphene Nanodevices. 
Nano Letters, 2008. 8(8): p. 2119-2125. 
14. Ohta, T., et al., Controlling the Electronic Structure of Bilayer Graphene. Science, 2006. 313(5789): 
p. 951-954. 
15. Abergel, D.S.L. and V.I. Fal’ko, Optical and magneto-optical far-infrared properties of bilayer 
graphene. Physical Review B, 2007. 75(15): p. 155430. 
16. Novoselov, K.S., et al., Unconventional quantum Hall effect and Berry’s phase of 2π in bilayer 
graphene. Nature Physics, 2006. 2(3): p. 177-180. 
17. Frank, O., et al., Phonon and Structural Changes in Deformed Bernal Stacked Bilayer Graphene. 
Nano Letters, 2012. 12(2): p. 687-693. 
18. Jiao, M.D., et al., Molecular dynamics simulations on deformation and fracture of bi-layer 
graphene with different stacking pattern under tension. Physics Letters A, 2016. 380(4): p. 609-
613. 
19. Lopes dos Santos, J.M.B., N.M.R. Peres, and A.H. Castro Neto, Graphene Bilayer with a Twist: 
Electronic Structure. Physical Review Letters, 2007. 99(25): p. 256802. 
20. Cao, Y., et al., Correlated insulator behaviour at half-filling in magic-angle graphene superlattices. 
Nature, 2018. 556: p. 80. 
21. Yankowitz, M., et al., Dynamic band-structure tuning of graphene moiré superlattices with 
pressure. Nature, 2018. 557(7705): p. 404-408. 
22. Alden, J.S., et al., Strain solitons and topological defects in bilayer graphene. Proceedings of the 
National Academy of Sciences, 2013. 110(28): p. 11256-11260. 
23. Brown, L., et al., Twinning and Twisting of Tri- and Bilayer Graphene. Nano Letters, 2012. 12(3): p. 
1609-1615. 
  
24. Liu, L., et al., Defects in Graphene: Generation, Healing, and Their Effects on the Properties of 
Graphene: A Review. Journal of Materials Science & Technology, 2015. 31(6): p. 599-606. 
25. Björkman, T., et al., Defects in bilayer silica and graphene: common trends in diverse hexagonal 
two-dimensional systems. Scientific Reports, 2013. 3: p. 3482. 
26. Banhart, F., J. Kotakoski, and A.V. Krasheninnikov, Structural Defects in Graphene. ACS Nano, 
2011. 5(1): p. 26-41. 
27. Jung, G.S., et al., Interlocking Friction Governs the Mechanical Fracture of Bilayer MoS2. ACS Nano, 
2018. 12(4): p. 3600-3608. 
28. Ritchie, R.O., Mechanisms of fatigue crack propagation in metals, ceramics and composites: Role 
of crack tip shielding. Materials Science and Engineering: A, 1988. 103(1): p. 15-28. 
29. Muniz, A.R., A.S. Machado, and D. Maroudas, Mechanical behavior of interlayer-bonded 
nanostructures obtained from bilayer graphene. Carbon, 2015. 81: p. 663-677. 
30. Rasaiah, J.C., S. Garde, and G. Hummer, Water in Nonpolar Confinement: From Nanotubes to 
Proteins and Beyond. Annual Review of Physical Chemistry, 2008. 59(1): p. 713-740. 
31. Striolo, A., The Mechanism of Water Diffusion in Narrow Carbon Nanotubes. Nano Letters, 2006. 
6(4): p. 633-639. 
32. Han, Y., Z. Xu, and C. Gao, Ultrathin Graphene Nanofiltration Membrane for Water Purification. 
Advanced Functional Materials, 2013. 23(29): p. 3693-3700. 
33. Park, H.G. and Y. Jung, Carbon nanofluidics of rapid water transport for energy applications. 
Chemical Society Reviews, 2014. 43(2): p. 565-576. 
34. Zhang, X., et al., Highly hydrophobic and adhesive performance of graphene films. Journal of 
Materials Chemistry, 2011. 21(33): p. 12251-12258. 
35. Tang, L., et al., Bottom-up synthesis of large-scale graphene oxide nanosheets. Journal of Materials 
Chemistry, 2012. 22(12): p. 5676-5683. 
36. Rafiee, J., et al., Wetting transparency of graphene. Nature Materials, 2012. 11: p. 217. 
37. Leenaerts, O., B. Partoens, and F.M. Peeters, Water on graphene: Hydrophobicity and dipole 
moment using density functional theory. Physical Review B, 2009. 79(23): p. 235440. 
38. Zong, Z., et al., Direct measurement of graphene adhesion on silicon surface by intercalation of 
nanoparticles. Journal of Applied Physics, 2010. 107(2): p. 026104. 
39. Solanky, P., et al., The inherent behavior of graphene flakes in water: A molecular dynamics study. 
Computational Materials Science, 2019. 162: p. 140-147. 
40. Cicero, G., et al., Water Confined in Nanotubes and between Graphene Sheets:  A First Principle 
Study. Journal of the American Chemical Society, 2008. 130(6): p. 1871-1878. 
41. Neek-Amal, M., et al., Fast water flow through graphene nanocapillaries: A continuum model 
approach involving the microscopic structure of confined water. Applied Physics Letters, 2018. 
113(8): p. 083101. 
42. Abbaspour, M., et al., Density-dependent phase transition in nano-confinement water using 
molecular dynamics simulation. Journal of Molecular Liquids, 2018. 250: p. 26-34. 
43. Zhu, Y., et al., Compression Limit of Two-Dimensional Water Constrained in Graphene 
Nanocapillaries. ACS Nano, 2015. 9(12): p. 12197-12204. 
44. Neek-Amal, M., et al., Commensurability Effects in Viscosity of Nanoconfined Water. ACS Nano, 
2016. 10(3): p. 3685-3692. 
45. Chialvo, A.A. and L. Vlcek, Can We Describe Graphene Confined Water Structures as Overlapping 
of Approaching Graphene–Water Interfacial Structures? The Journal of Physical Chemistry C, 
2016. 120(14): p. 7553-7561. 
46. Datta, D., et al., Effect of crack length and orientation on the mixed-mode fracture behavior of 
graphene. Extreme Mechanics Letters, 2015. 5: p. 10-17. 
  
47. Plimpton, S., Fast Parallel Algorithms for Short-Range Molecular Dynamics. Journal of 
Computational Physics, 1995. 117(1): p. 1-19. 
48. Stuart, S.J., A.B. Tutein, and J.A. Harrison, A reactive potential for hydrocarbons with 
intermolecular interactions. The Journal of Chemical Physics, 2000. 112(14): p. 6472-6486. 
49. Pei, Q.X., Y.W. Zhang, and V.B. Shenoy, A molecular dynamics study of the mechanical properties 
of hydrogen functionalized graphene. Carbon, 2010. 48(3): p. 898-904. 
50. Abascal, J.L.F. and C. Vega, A general purpose model for the condensed phases of water: 
TIP4P/2005. The Journal of Chemical Physics, 2005. 123(23): p. 234505. 
51. Lorentz, H.A., Ueber die Anwendung des Satzes vom Virial in der kinetischen Theorie der Gase. 
Annalen der Physik, 1881. 248(1): p. 127-136. 
52. Subramaniyan, A.K. and C.T. Sun, Continuum interpretation of virial stress in molecular 
simulations. International Journal of Solids and Structures, 2008. 45(14): p. 4340-4346. 
53. Pei, Q., Y. Zhang, and V. Shenoy, A molecular dynamics study of the mechanical properties of 
hydrogen functionalized graphene. Carbon, 2010. 48(3): p. 898-904. 
54. Zhang, Y.Y., et al., Mechanical properties of bilayer graphene sheets coupled by sp3 bonding. 
Carbon, 2011. 49(13): p. 4511-4517. 
55. Lee, C., et al., Measurement of the elastic properties and intrinsic strength of monolayer graphene. 
Science, 2008. 321(5887): p. 385-8. 
56. Yin, H., et al., Griffith Criterion for Brittle Fracture in Graphene. Nano Letters, 2015. 15(3): p. 1918-
1924. 
57. Hou, Y., et al., Elastic–plastic properties of graphene engineered by oxygen functional groups. 
Journal of Physics D: Applied Physics, 2017. 50(38): p. 385305. 
58. Li, J. and F. Wang, Water graphene contact surface investigated by pairwise potentials from force-
matching PAW-PBE with dispersion correction. The Journal of Chemical Physics, 2017. 146(5): p. 
054702. 
 
